The noradrenergic and specific serotoninergic antidepressant mirtazapine improves sleep, modulates hormone secretion including blunting of hypothalamic-pituitary-adrenocortical (HPA) activity, and may prompt increased appetite and weight gain. The simultaneous investigation of sleep electroencephalogram (EEG) and hormone secretion during antidepressive treatment helps to further elucidate these effects. We examined sleep EEG (for later conventional and quantitative analyses) and the nocturnal concentrations of cortisol, adrenocorticotropin (ACTH), growth hormone (GH), prolactin, melatonin and the key factors of energy balance, ghrelin, and leptin before and after 28 days of treatment of depressed patients (seven women, three men, mean age 39.974.2 years) with mirtazapine. In addition, a sleep EEG was recorded at day 2 and the dexamethasone-corticotropin-releasing hormone (DEX-CRH) test was performed to assess HPA activity at days À3 and 26. Psychometry and mirtazapine plasma concentrations were measured weekly. Already at day 2, sleep continuity was improved. This effect persisted at day 28, when slow-wave sleep, low-delta, theta and alpha activity, leptin and (0300-0700) melatonin increased, and cortisol and ghrelin decreased. ACTH and prolactin remained unchanged. The first two specimens of GH collected after the start of quantitative EEG analysis were reduced at day 28. The DEX-CRH test showed, at day 26, a blunting of the overshoot of ACTH and cortisol found at day À3. The Hamilton Depression score decreased from 32.177.3 to 15.576.7 between days À1 and 28. A weight gain of approximately 3 kg was observed. This unique profile of changes is compatible with the action of mirtazapine at 5-HT-2 receptors, at presynaptic adrenergic alpha 2 receptors, at the HPA system, and on ghrelin and leptin.
INTRODUCTION
Several reports showed that the noradrenergic and specific serotoninergic antidepressant (NaSSA) mirtazapine improves sleep, blunts the hormones of the hypothalamopituitary-adrenocortical (HPA) system, and may prompt increases of appetite and weight (De Boer, 1995; Laakmann et al, 1999 Laakmann et al, , 2004 Aslan et al, 2002; Kraus et al, 2002; Schüle et al, 2002b) . There is no study so far that addresses all these variables. Here, we report a longitudinal sleep-endocrine investigation on the changes of sleep electroencephalogram (EEG), sleep-associated hormone secretion including melatonin and the endogenous factors of energy balance, ghrelin, and leptin, and assessment of HPA activity by the dexamethasone-corticotropin-releasing hormone (DEX-CRH) test and psychometry during treatment of patients with depression with mirtazapine.
Sleep-EEG studies in rats showed that a lower dose of mirtazapine prompted increases of slow-wave sleep (SWS) and decreases of wakefulness, whereas a higher dose prompted suppression of rapid-eye-movement (REM) sleep and increases of SWS (Schittecatte et al, 2002a) . In young normal male subjects after 30 mg of the substance given before bedtime sleep, stages awake and 1 decreased and one component of SWS, stage 3, increased (Ruigt et al, 1990) . Similar results were derived from a study in young normal female and male subjects, who received after a baseline investigation, randomly either placebo or 30 mg mirtazapine. After the substance, the sleep efficiency index and SWS increased, while the number of awakenings and the time spent in stages awake and 1 decreased (Aslan et al, 2002) . Three studies have examined the effects of mirtazapine on sleep in patients with depression so far. In a pilot study, six patients received 15 mg mirtazapine during the first week and 30 mg of the substance during the second week. When compared to baseline, sleep latency decreased and total sleep time and sleep efficiency increased during week 1 with similar results in week 2 (Winokur et al, 2000) . In a larger sample, Schittecatte et al (2002a) found more distinct sleep-improving effects of mirtazapine. Already after 2 days administration of 15 mg, total sleep time, sleep efficiency index, and time spent in stage 2, REM, and SWS increased, whereas sleep latency and stage awake decreased. These effects persisted after 5 weeks of treatment with a maximum dosage of 45711.8 mg. Finally, patients with major depression and insomnia were randomly assigned to either fluoxetine (20-40 mg/day) or mirtazapine (15-45 mg/ day) treatment for an 8-week trial (Winokur et al, 2003) . Improvements in sleep latency, sleep efficiency index, and intermittent wakefulness occurred after 2 weeks of mirtazapine treatment. Continued improvement in these variables was observed throughout the remaining study period. After fluoxetine, sleep continuity variables remained unchanged, whereas the time in stage 1 sleep and REM latency increased between baseline and week 8. All these studies showed an improvement of sleep quality after mirtazapine. Data on quantitative sleep-EEG (qEEG) analysis are not available so far. Melatonin is related to sleep promotion and melatonin levels are blunted in patients with depression (Miles and Philbrick, 1988) . Interestingly, after mirtazapine, nocturnal melatonin levels increased in normal controls (Palazidou et al, 1989) . The influence of mirtazapine on melatonin in depressed patients is unknown so far.
A series of studies by Laakmann and co-workers showed a blunting of HPA activity after mirtazapine in normal controls and depressed patients. Oral administration of 15 mg mirtazapine in young normal male controls in the morning prompted a decrease of cortisol and adrenocorticotropin (ACTH) plasma concentrations and a decrease of urinary free cortisol excretion, whereas growth hormone (GH) and prolactin levels remained unchanged (Laakmann et al, 1999; Schüle et al, 2002b) . These findings were confirmed in another report except for the decrease of prolactin secretion (Schüle et al, 2002a) . In patients with depression, salivary cortisol concentrations were decreased already after 1 day of mirtazapine treatment at a dose of 30 mg. During a 3-week trial, this change did not differ in responders and nonresponders (Laakmann et al, 2004) . Similarly, Schüle et al (2003) found that mirtazapine significantly reduced the overshoot of cortisol and ACTH during the DEX-CRH test at baseline after 1 week of treatment of depression by mirtazapine. This effect did not differ significantly between responders and nonresponders of the 5-week trial. These observations are of particular interest because HPA overactivity plays a key role in the pathophysiology of affective disorders (Nemeroff, 1996; Holsboer, 2000) and normalization of HPA activity was hypothesized to be the common mechanism of various antidepressants (Holsboer, 2003) .
Weight loss is a frequent symptom of depression. Successful antidepressive therapy is accompanied by normalization of body weight. On the other hand, weight gain after antidepressants may override this beneficial effect and induce obesity as an unwanted side effect. Normalization of body weight and unwanted weight gain belong to the benefits and sequelae of treatment with mirtazapine (Nutt, 2002) . Leptin morning levels were shown to increase during antidepressive treatment with mirtazapine (Kraus et al, 2002) . Leptin is thought to participate in the energy balance as a major anorexigenic factor (Bates and Myers, 2003) . Nocturnal leptin levels were elevated in drug-free patients with depression (Antonijevic et al, 1998; Rubin et al, 2002) . Ghrelin was hypothesized to be the counterpart of leptin in the regulation of body weight (Horvath et al, 2001) . This endogenous ligand of the GH-secretagogue receptor was isolated from the stomach, hypothalamus, and other organs of rats and humans (Kojima et al, 1999) . It enhances food intake in rodents (Tschöp et al, 2000; Wren et al, 2001b) and humans (Wren et al, 2001a) , appetite (Wren et al, 2001a; Schmid et al, 2005) in humans, and body weight in rodents (Tschöp et al, 2000) . During sleep, ghrelin (Dzaja et al, 2004) and leptin (Antonijevic et al, 1998) were reported to increase. After a 6-month treatment with olanzapine, ghrelin plasma morning levels and body fat percentage increased in patients with schizophrenia, whereas their weight and body mass index (BMI) remained unchanged (Murashita et al, 2005) . On the other hand, ghrelin levels in patients with schizophrenia who were under stable doses of olanzapine or risperidone for at least 4 weeks were lower than in normal controls, whereas BMI did not differ between groups (Togo et al, 2004) . The effect of treatment with antidepressants, including mirtazapine, on ghrelin levels is unknown so far.
Sleep is a time of distinct activity in various endocrine systems. During sleep, neurobiological activity in patients can be studied for several hours free from disturbances by environmental factors. The simultaneous investigation of sleep EEG and sleep-related hormone secretion was shown to be a useful tool to characterize the neurobiological profile of central nervous system (CNS)-active drugs, including antidepressants (Steiger et al, 1993; Sonntag et al, 1996; Künzel et al, 2005) . Given the effects of mirtazapine on sleep EEG and hormones that have been reported so far, it appeared to be of great interest to investigate these axes simultaneously.
A bidirectional interaction exists between sleep EEG and sleep-related hormone secretion. Hormones play a key role in normal sleep regulation and in changes of sleep during depression as well. Particularly, the balance between the sleep-promoting GH-releasing hormone (GHRH) and the sleep-impairing key hormone of the HPA system, CRH, is thought to play a crucial role in normal sleep regulation (Ehlers and Kupfer, 1987; Steiger, 2002) . CRH overactivity was shown to contribute to the occurrence of the characteristical symptoms of depression, including disturbed sleep and loss of appetite and weight (Holsboer et al, 1988; Nemeroff, 1996; Holsboer, 2000) . Besides CRH overactivity, elevated glucocorticoid levels may lead to sleep-EEG changes in patients with depression (Antonijevic and Steiger, 2003) . Furthermore, enhanced HPA activity is thought to contribute to blunted melatonin levels (Kellner et al, 1997) and to elevated leptin levels (Antonijevic et al, 1998) in depression. To further elucidate the effects of mirtazapine on sleep and endocrine activity and the related mechanisms including HPA system changes, we performed a study in patients with depression. Sleep EEG was studied before active medication and, in order to assess early and late effects, on days 2 and 28 of active treatment. During the first and the third of these sleep-EEG recordings, the nocturnal secretion of cortisol, ACTH, GH, prolactin, ghrelin, and leptin was examined. Sleep EEG was analyzed by conventional and qEEG analysis. Furthermore, DEX-CRH tests were performed at baseline and at the end of the trial.
PATIENTS AND METHODS

Study Population
A total of 12 subjects were recruited consecutively from inpatients of our hospital. Out of these, 10 completed the study protocol. There were seven women and three men with a mean age of 39.97SD 4.2 (range 24-63) years. The patients met the ICD-10 diagnoses (World Health Organization, 1993) for major depression single or recurrent (F32.1 (n ¼ 4), F32.2 (n ¼ 4), or F32.3 (n ¼ 1)). In one patient, a depressive episode related to a bipolar disorder was diagnosed (F31.4). The diagnosis was established by a structured clinical interview (SCID; German version: SKID) (Spitzer et al, 1987) , which was performed by a senior psychiatrist. A minimum score of 18 points on the 21-item Hamilton Depression Rating Scale (HDRS) (Hamilton, 1960) was required to enter the study. The duration of the present episode was in the range from 2 to 68 weeks. The study protocol was approved by the Ethics Committee of the Bavarian Physicians Board (Bayerische Landesärztekam-mer) and the patients provided written informed consent before inclusion in the study. Patients with a history of primary sleep disorder, significant medical disorders, comorbid psychiatric disorders, current alcohol or substance abuse, and suicidal ideation were excluded from the study. The results of physical examination, electrocardiogram (ECG), EEG, blood chemistry, and hematology were within normal limits. Psychotropic drugs were discontinued for at least 1 week in five patients (clozapine, trimipramine and zopiclone, and amitriptyline in one patient each, and St John's Wort in two patients) before the study initiation. None of the subjects worsened during the wash-out period. No subjects had been taking fluoxetine or other CNS-active substances, making a longer wash-out period necessary.
Two female patients (77 years old (ICD F32.2) and 43 years old (ICD F32.2)) dropped out during the trial. They improved distinctly, but did not agree to participate at the re-tests of the DEX-CRH test and sleep endocrinology.
Study Design
The five patients who had been treated with psychoactive drugs before entering the study went through a 7-day washout phase. Throughout the study, chloralhydrate at a dosage up to 2 g was permitted as an additional medication for severe sleep disturbances. No other psychotropic drugs were prescribed. Active medication with mirtazapine (Remergil, Organon, Oberschleissheim, Germany) was started at 15 mg on day 1 and then increased to 30 mg at day 2. On day 14 of the study, if there had not yet been a therapeutic effect, the dosage was increased to 45 mg. The treatment phase lasted 4 weeks.
Psychometric Assessments
The patients were rated by an experienced psychiatrist at days À1, 7, 14, and 28. Psychopathology was evaluated with the 21-item HDRS (Hamilton, 1960) and with the Montgomery-Asberg Depression Rating Scale (MADRS; Montgomery and Asberg, 1979) .
Plasma Concentrations
At the days of psychometric assessment, blood samples were collected at 0800 for analysis of mirtazapine plasma concentrations. To do this, plasma mirtazapine was extracted with a liquid-liquid extraction procedure and then measured after HPLC with UV absorption and fluorescence. For this, 100 ml internal standard (protriptyline 2 mg/ml), 1000 ml sodium hydrogencarbonate (2 M, pH 10.5), and 5 ml n-hexane with 1.5% isoamylalcohol were added to 1000 ml plasma. After shaking for 20 min and centrifugation for 15 min at 4000 r.p.m., the organic phase was transferred to 250 ml of 0.85% phosphoric acid. The sample was again shaken for 20 min, centrifuged for 15 min at 4000 r.p.m., and the lower watery phase was analyzed by HPLC. We used a reversed-phase Luna 5 m C18(2) 250 Â 4.6 mm column (Phenomenex, Torrance, USA), 601C, mobile phase flow 1 ml/min. A mobile phase gradient with acetonitrile and phosphoric acid (1.5 ml of 85% H 3 PO 4 /l, pH 3.5, adjusted with NaOH) was used for the chromatography analysis (mirtazapine 5-33% acetonitrile for 30 min). The substances were determined by UV absorption (214 nm) and fluorescence at suitable wavelength (mirtazapine 295/370 nm, protriptyline 295/420 nm). The extraction recovery was 490%, and the intra-and interday variation coefficient was o10%.
Sleep-EEG Recordings
Polysomnography (PSG) was performed the night before active medication was started (night À1), after 2 days of treatment (night 2) in order to assess the effects of early medication, and finally after 28 days of treatment (night 28) at the end of the trial. The sleep laboratory is located in the same building and has similar equipment as the patients' rooms. Each sleep examination was preceded by an adaptation night. The timing of mirtazapine administration was 2200 hours.
The sleep recordings were scheduled from 2300 to 0700 hours. The PSG at the adaptation night and at the sleep examination included two EEG leads (C3-A2, C4-A1), electro-oculogram (EOG), mental electromyogram (EMG), and ECG. For the EEG recording, the time constant was set to 0.3 s, the low-pass filter to 70 Hz, and the sensitivity to 7 mV/mm. The EEG was digitized with a sampling rate of 250 Hz. During adaptation nights, no EEG recordings were performed.
Conventional Sleep-EEG Analysis
Sleep stages were scored in 30 s epochs by experienced raters according to the standard criteria (Rechtschaffen and Kales, 1968) . The raters were unaware of the examination conditions. The following sleep parameters were calculated: sleep latency, as time from 'lights off' to the first epoch of stage 2 non-REM sleep (NREMS), REM latency, as time from the first epoch of stage 2 NREMS to the first epoch of REM sleep including intervening awakenings, REM density, as the percentage of 3 s mini-epochs of REM sleep containing rapid eye movements at all 3 s mini-epochs of REM sleep, sleep period time, as time from the first epoch of stage 2 NREM to final awakening, total sleep time (including stage 1 NREM), total amount, and relative amount as percentage of sleep period time for stages wake, 1, 2, REM and SWS. SWS represents combined stages 3 and 4, which were not analyzed separately, because only five subjects achieved stage 4 during all three examination nights.
Quantitative Sleep-EEG Analysis
After scoring of sleep stages, a single EEG derivation was subjected to qEEG using a fast Fourier transform routine (FFT). The C3-A2 or C4-A1 derivation was selected individually for each subject with regard to EEG quality. In each subject, the EEG recordings obtained from the same EEG lead were compared between all examination nights. The artifacts and arousals, defined according to American Sleep Disorders Association (ASDA) criteria (American Sleep Disorders Association, 1992), were rejected prior to qEEG by visual inspection. The FFT was performed using rectangular overlapping windows of 2.56 s length (frequency resolution 0.39 Hz). The spectral values from 12 adjacent windows correspond to the 30 s epoch of visual sleep stages scoring. The EEG power spectra were calculated as mean values for the NREM sleep (stages 2-4 NREM) and separately for each sleep stage. The 48 frequency bins from frequency range between 0.78 and 19.1 Hz were accumulated to low-delta (0.8-1.9 Hz), delta (0.8-3.9 Hz), theta (4.3-7.8 Hz), alpha (8.2-11.7 Hz), sigma (12.1-14.8 Hz), and beta (15.2-19.1 Hz) frequency bands.
Since there was a substantial difference in the total NREMS time between three examination nights (Table 3) , the analysis of spectral composition of NREMS was restricted for the longest common amount of NREMS, accumulated from sleep onset onwards. It turned out to be 155.5 min. Such an approach offers the possibility to compare the spectral EEG composition in the same amount of NREMS in all nights for all subjects. The rationale for such analysis is that the mean power over total NREMS may change according to the time spent in NREMS. Delta power is usually high in the first third of night sleep and it is low at the end of sleep, when the faster EEG rhythms dominate the sleep-EEG spectrum. For this reason, a longer sleep time may result in a lower mean delta power and an increased mean power of faster frequencies. For a detailed discussion of this methodological problem, see Van Bemmel et al (1995) . Relative power values are presented in Figures 1 and 2 according to a suggestion by Dijk et al (1989) .
Investigation of Nocturnal Hormone Secretion
At days À1 and 28 at 1945 hours, an indwelling vein catheter was inserted into a forearm vein in order to investigate nocturnal hormone secretion with a 'throughthe-wall device' that is, the blood samples were collected via a long catheter from a room adjacent to the sleep laboratory. The specimens were taken every 30 min from 2000 to 2200 hours and every 20 min from 2200 to 0700 hours. About 5% of the nocturnal blood samples were missing for different reasons (temporary vein spasms, low 
DEX-CRH Test
At days À4 and 25, 1.5 mg DEX (Fortecortin, Merck, Darmstadt, Germany) was given orally at 2300 hours. At days À3 and 26, the DEX-CRH test was performed as described elsewhere (Heuser et al, 1994) . Regarding the combined DEX-CRH tests, the cortisol concentrations before the injection of CRH (baseline) and the total (total AUC) and the net area under the plasma cortisol concentration curve (net AUC) were analyzed. The net AUC is the total AUC minus the baseline ACTH or cortisol level.
Endocrine Analysis
Plasma ACTH (Ria Kit J 125 ; Nichols Institute, San Juan Capistrano, CA, USA; intra-and interassay coefficients of variation o8%), cortisol (Ria Kit J 125 ; ICN Biomedicals, Carson, CA, USA; intra-and interassay coefficients of variation o7%), ghrelin (Phoenix, Belmont, CA, USA; intra-and interassay coefficients of variation o13%), and leptin (Ria Kit J 125 ; Linco Research, St Charles, MO, USA; intra-and interassay coefficients of variation o8%) concentrations were measured by radioimmunoassay, and GH (Advantage; Nichols Institute, San Juan Capistrano, CA, USA; intra-and interassay coefficients of variation o10%), prolactin (Advantage; Byk-Santec, Dietzenbach, Germany; intra-and interassay coefficients of variation o7%), and melatonin (DRG, Marburg, Germany; intra-and interassay coefficients of variation o8% and 15%) concentrations were determined by chemiluminescence. Random samples for each hormone were analyzed in duplicate. According to standard procedures for time series, the remaining specimens were analyzed only once. Areas under the plasma concentration curves (AUC) were calculated for the first (2200 to 0300 hours, for example, 1 h prior to sleep-EEG recording and the first half of sleep-EEG recording time) and for the second part of the night (0300 to 0700 hours, second half of the sleep-EEG recording time) and for the total night (2200 to 0700 hours) by applying the trapezoid rule (Yeh and Kwan, 1978) . Maximum concentrations were identified as well. Owing to technical reasons, collection of blood was incomplete in three patients. They were omitted from the analysis.
Statistical Analysis
Change before and after mirtazapine treatment was analyzed nonparametrically with Wilcoxon matched pairs tests for repeated measures. PSG was evaluated three times (nights À1, 2, and 28). Changes were evaluated with nonparametric Friedman tests and pairwise Wilcoxon matched pairs tests in case of a significant Friedman test. Pairwise post hoc comparisons were corrected according to the Bonferroni-Holm procedure (Holm, 1979) in order to maintain the variable-wise alpha error. For the assessment of associations, nonparametric Spearman's rho correlation coefficients were calculated. The level of significance was set to p ¼ 0.05. Mean values and standard deviations are reported.
RESULTS
Psychometry, Plasma Concentrations, and Weight Gain
Depressive symptoms assessed by the HDRS total score improved significantly between days À1 and 28 (p ¼ 0.007) from 32.1 (SD ¼ 7.3) to 15.5 (SD ¼ 6.7). An HDRS subscore derived from the three sleep items (nos. 4, 5, and 6) of this rating scale improved significantly from 5.2 (SD ¼ 1.1) to 1.7 (SD ¼ 1.4) (p ¼ 0.042). Five patients can be regarded as treatment responders (HDRS after 4 weeks of treatment r50% of the HRDS before initiation of the treatment) and two of them as remitters (HDRSo10). A similar picture emerged with the MADRS (baseline score ¼ 34.4, SD ¼ 7.8; scores after 4 weeks ¼ 19.1, SD ¼ 7.5; p ¼ 0.008). The body weight increased significantly (p ¼ 0.005) from 66.2 kg (SD ¼ 12.6) to 69.4 kg (SD ¼ 13.5). The mean dosage of mirtazapine was 30.0 g (SD ¼ 7.1) at day 7 and 49.5 g (SD ¼ 15.9) at day 28. Mirtazapine plasma levels were 27.6 ng/ml (SD ¼ 21.8) at day 7 and 55.5 ng/ml (SD ¼ 21.6) at day 28. An additional hypnotic medication with chloralhydrate up to 500 g was necessary in five of the patients in some of the nights of the 2 first weeks of treatment.
Conventional Sleep EEG
The analysis of conventional sleep parameters revealed a substantial improvement in sleep continuity and sleep architecture, which was present already at the second day of treatment and persisted after 28 days of treatment (Table 1) .
This includes increased total sleep time and NREM sleep time (trend after 2 days, significant after 28 days of treatment), improved sleep efficiency, reduced time spent awake (trend after 2 days, significant for the relative amount after 28 days), and increased stage 2 sleep time (trend after 2 days, significant after 28 days of treatment). The absolute and relative amount of SWS increased after 28 days of treatment. No significant changes were observed for REM sleep parameters.
Quantitative Sleep EEG
The qEEG of NREM sleep revealed an increase in low-delta, delta, theta, and alpha activity after 28 days of treatment (Table 2) . Post hoc tests did not show any significant qEEG changes after 2 days of treatment.
Since the standard EEG frequencies bands are usually insufficient to describe adequately the changes in the EEG spectrum, a statistical analysis at the level of single frequency bins was performed. It revealed a significant increase of power in the low-delta band below 2.3 Hz at night 28 compared to nights À1 and 2. The increase in the delta, theta, and alpha bands at night 28 was restricted to frequencies between 3.9 and 10.9 Hz (Figure 1) .
Separate spectral EEG analysis for each sleep stage revealed that the increase of theta and alpha activities at night 28 was significant in stage 2 as well as in SWS, but not in stage 1. The increase in theta activity in stage 2 NREM was evident in trend already at night 2. Regarding alpha activity, we observed an increase between nights 28 and À1 during SWS and in trend during stage 2 sleep (Figure 2) . Again, no early effects could be observed after 2 days of treatment. No significant differences were found in the spectral EEG composition of REM sleep. 
Nocturnal Hormone Secretion
Between nights À1 and 28, cortisol levels decreased during the total night and the second part of the night. Ghrelin and leptin showed changes in opposite direction, as ghrelin levels decreased during the total night and during both parts of the night, whereas leptin levels increased during the same intervals. Melatonin concentrations were elevated during the second part of the night. ACTH, GH, and prolactin concentrations did not differ between baseline and the end of active mirtazapine treatment (Table 3 and Figure 3 ). As visual inspection of the course of GH concentrations points to a decrease of GH during night 28, which may be related to the alpha intrusion in qEEG, we examined the GH concentrations during the individual time frame of the qEEG analysis (160 min in total). Although we did not observe significant differences between the total GH secretion during this time frame between nights À1 and 28 (AUC: p ¼ 0.401; peak: p ¼ 0.646), we observed lower GH values of the first two samples, that is, at the time when the qEEG analysis was started (p ¼ 0.028) and 20 min later (p ¼ 0.028; see Figure 4 ). This difference can partly be explained by the fact that the qEEG analysis during the baseline night started on average at 23:52 (SD ¼ 32 min), but almost 20 min earlier (23:35, SD ¼ 16 min) at the end of the treatment period (p ¼ 0.041). As a result, qEEG analysis began at night À1 during the GH peak, but before the onset of GH secretion at night 28. The peak of the cortisol concentration of the first part of the night occurred 117798 min earlier (p ¼ 0.042) after 4 weeks of mirtazapine treatment (p ¼ 0.046).
DEX-CRH Test
We observed a distinct reduction of the ACTH and cortisol response to the combined DEX-CRH test after 4 weeks of mirtazapine treatment. ACTH and cortisol levels at baseline before CRH injection were not statistically different (Table 4) .
DISCUSSION
We investigated the effects of 4 weeks of mirtazapine treatment on sleep and endocrine activity in patients with depression. The following were our major findings: After mirtazapine, sleep continuity improved rapidly. This effect was sustained after 4 weeks, when SWS also increased. At this time, qEEG analysis showed increases of low-delta activity below o1 Hz and of theta and alpha activity. The sleep-related secretion of cortisol and ghrelin was decreased throughout the night, whereas increases of leptin and melatonin occurred during the whole night and the second part of the night, respectively. The DEX-CRH test showed a decrease of HPA activity at day 26 in comparison to baseline, and weight increased on average by approximately 3 kg. These effects show that mirtazapine, besides improving psychopathology, counteracts the key biological symptoms of depression: insomnia, loss of appetite and weight, hypercortisolism, and low melatonin syndrome. This profile of neurobiological effects appears to be specific and as known so far is not shared exactly by any other antidepressant. Mirtazapine's unique pattern of neurotransmitter modulation helps to explain the mechanisms of action of these effects. The substance was classified as a NaSSA, as it is an antagonist at presynaptic alpha 2 receptors and at postsynaptic 5-hydroxytryptamine (5HT) 2 and 5-HT 3 receptors. Furthermore, it acts at the histamine H 1 receptor, which mainly accounts for the sedating effect of the substance (De Boer, 1995) . The rapid improvement in sleep continuity as increases of total sleep time and sleep efficiency and in sleep architecture (decrease of wake time) was found similarly in previous studies in normal controls (Ruigt et al, 1990 ) and depressed patients (Winokur et al, 2000) . Moreover, in healthy controls, acute mirtazapine administration (30 mg) increased SWS (Ruigt et al, 1990; Aslan et al, 2002) . Similarly, Schittecatte et al (2002a) reported an increase of SWS after a 2-day treatment of depressed patients with mirtazapine. In accordance with Winokur et al (2000) , we did not observe a change of SWS shortly after the beginning of mirtazapine treatment. This variance may be explained by differences in sample composition. Winokur et al (2000 Winokur et al ( , 2003 investi- Effects of mirtazapine in depressed patients DA Schmid et al gated depressed patients with insomnia. Also in our study, nine of 10 patients reported suffering from disturbed sleep before treatment. Information about this issue is not provided by Schittecatte et al (2002a) . We found, however, an increase of SWS at day 28. Despite the sleep-promoting effect of mirtazapine, in some of the patients additional administration of chloralhydrate was required during some nights of the 2 first weeks of active treatment. This observation suggests that, in some patients during the early treatment phase with mirtazapine, the prescription of a hypnotic may be useful.
Furthermore, one should keep in mind that in our hands during nights À1 and 28, but not during night 2, blood was collected by a long catheter. There are conflicting results concerning nocturnal blood sampling that may have no major effect on sleep EEG in a previous study (Kerkhofs et al, 1989) or may disturb sleep in elderly subjects (Vitiello et al, 1996) . This methodological issue may contribute to differences between nights À1 and 2. Two studies reported an increase of REM latency: one in healthy subjects (Ruigt et al, 1990 ) and the other in depressed patients (Schittecatte et al, 2002a) . This finding could not be replicated in all other reports (Winokur et al, 2000 (Winokur et al, , 2003 Aslan et al, 2002) , including the present study. REM density, which was not calculated in the previous studies (Ruigt et al, 1990; Winokur et al, 2000 Winokur et al, , 2003 Aslan et al, 2002; Schittecatte et al, 2002a) , was not changed after mirtazapine. The effects of mirtazapine on conventional sleep-EEG variables differ from most other antidepressants, as these substances suppress distinctly REM sleep (Staner et al, 1999; Armitage, 2000) . Similar to mirtazapine, trimipramine (Sonntag et al, 1996) and the CRH-1 receptor antagonist R121919 (Held et al, 2004) increased SWS and decreased wakefulness in patients with depression and did not diminish the time spent in REM sleep. REM density decreased after the latter substance, but not after trimipramine.
qEEG analysis revealed changes in spectral composition of NREMS, in particular at week 4 of mirtazapine treatment. After 2 days of mirtazapine treatment, the only alteration in EEG spectrum was found in stage 2 as an increase of theta power. Whereas the absence of increase in slow-wave activity shortly after the start of mirtazapine treatment corresponds to the late increase of SWS, the increase in alpha activity at week 4 but not at week 1 is surprising. Obviously, this effect did not result from an acute action of mirtazapine but rather from the increase of mirtazapine dose after 2 weeks of therapy or from adaptational changes after prolonged mirtazapine treatment.
Drugs with 5-HT2-blocking properties improve sleep by shortening sleep latency and increasing total sleep time, sleep efficiency index, and SWS (Thase, 1999) . In qEEG, the selective 5-HT2 antagonists seganserin and ritanserin prompted a bimodal increase of spectral power in the lower delta (0.5-1 Hz) and theta (5-8 Hz) frequencies range with a trough at about 4 Hz (Idzikowski et al, 1986; Dijk et al, 1989; Brandenberger et al, 1996) . The changes of sleep architecture and qEEG in the delta and theta range in the present study are in accordance with these reports. Similar effects were observed after selective stimulation of 5-HT1 receptors with ipsapirone (Seifritz et al, 1996) . The enhancement of serotoninergic neurotransmission resulting from 5-HT2 blockade by mirtazapine is specifically mediated via 5-HT1 receptors (Fawcett and Barkin, 1998) . This explains the similarities between ipsapirone and mirtazapine in their influence on the sleep-EEG spectrum.
Substances with nonselective action on the serotoninergic system, for example, 5-HT reuptake inhibitors (SSRIs), often induce disturbed sleep as an increase in intermittent wakefulness, whereas SWS is largely unaffected by these substances (Saletu et al, 1991; Rush et al, 1998) . No alterations of the spectral composition of sleep EEG were found during subchronic treatment with paroxetine in healthy subjects (Röschke et al, 1997) . Another study in depressed male therapy responders showed a decline of power in the higher frequency sigma range during treatment with paroxetine as well as tianeptine, which enhances serotonin reuptake (Murck et al, 2003) . Treatment with citalopram resulted in suppression of spectral power in the 8-9 Hz range. In these studies, no influence of SSRIs on delta power was observed (Röschke et al, 1997; Murck et al, 2003) . 5-HT antagonists at presynaptic serotonergic 5-HT1A autoreceptors enhance serotonin release by suppression of the inhibitory effect of 5-HT1A autoreceptors on raphe nuclei neurons (Sharp et al, 1989) . Pindolol, a 5-HT1A antagonist, suppresses REM sleep, increases intermittent wakefulness, and has no influence on SWS. In the EEG power spectrum, pindolol reduces power in the delta, theta and, like citalopram, low-alpha frequency range (Seifritz et al, 1997) . On the contrary, vilazodone (EMD 68843), acting as an SSRI and also as a postsynaptic 5-HT1 agonist, increases delta activity and reduces sigma activity. In sleep architecture, vilazodone suppresses REM sleep and increases intermittent wakefulness, but it also increases SWS (Murck et al, 2001) . However, none of these studies reported an increase in the alpha frequency range. Therefore, an additional mechanism to postsynaptic 5-HT2 blockade and 5-HT1 stimulation has to be considered to explain the increase in alpha power during mirtazapine treatment. Clonidine, an agonist at presynaptic adrenergic alpha 2 receptors, has a potent influence on alpha activity. In healthy volunteers, clonidine suppresses alpha activity in wake EEG (Yamadera et al, 1985; Bischoff et al, 1998) . In accordance with these studies, the blockade of alpha 2 receptors with mirtazapine results in the increase of alpha power. However, some studies in animal models showed that clonidine can also suppress alpha activity (Pickworth et al, 1982; Emilien, 1990) and promote sleep (Ramesh and Kumar, 1998) . Moreover, a recent study investigating the effects of mirtazapine on the clonidine REM suppression test (CREST) showed that blunted REM sleep response to clonidine in depressed patients normalizes during mirtazapine treatment. This effect was discussed as a possible upregulation and increase in sensitivity of adrenergic alpha 2 receptors during the treatment with mirtazapine, secondary to the antagonistic properties of mirtazapine at these receptors. It was proposed that subsensitivity of alpha 2 adrenergic receptors is a trait marker of major depression (Schittecatte et al, 2002b) . Therefore, the adaptational changes in the noradrenergic system or dose-related effects can cause changes in alpha activity after 4 weeks of mirtazapine treatment and explain the absence of changes in the NREM sleep-EEG spectrum after acute mirtazapine administration. The involvement of adaptational mechanisms is further supported by a study with Org4428, a highly specific norepinephrine reuptake inhibitor. An acute administration of Org4428 does not result in EEG spectrum changes in the frequency range 1-15 Hz, despite strong effects on sleep architecture including REM sleep suppression and increase of stage 2 (Van Bemmel et al, 1999) . Also of interest is an earlier study with trazodone, acting as SSRI 5-HT2 antagonist, alpha 1 and weak alpha 2 antagonist, with an influence on the histaminergic system. Trazodone suppresses EEG activity in the 13-14 Hz range. Moreover, after trazodone withdrawal, a decrease of power in 1 Hz became apparent. Trazodone has no influence on theta and alpha activity (Van Bemmel et al, 1995) .
Whereas increase of delta and theta power in the sleep-EEG spectrum is a sign of higher sleep intensity and deeper sleep, the increase of alpha activity may be presumed to be a sign of increased arousal and nonrestorative sleep. The frequent intrusion of alpha activity in the sleep of psychiatric patients was described in detail by Hauri and Hawkins (1973) . As alpha intrusion was, like in the present study, especially related to SWS, such a sleep-EEG pattern was termed as alpha-delta sleep or alpha anomaly and was connected to increased autonomic activation and arousal in sleep. However, alpha activity in alpha-delta sleep has characteristics other than occipital waking or arousalrelated alpha activity, being generally 1-2 cycles slower and showing a fronto-central topographic distribution (Hauri and Hawkins, 1973) . Furthermore, it also occurs in healthy subjects, free from clinical disorders or complaints of sleep disturbances. Hence, the alpha anomaly alone does not result in nonrestorative sleep and the former hypothesis about a link between alpha anomaly and disturbed sleep cannot be further maintained (Pivik and Harman, 1995) . In contrast, even an opposite interpretation of alpha anomaly has been proposed. It should be associated with a sleepmaintaining, but not disruptive, process (Pivik and Harman, 1995) . Further studies detailing the physiological significance of continuous, background alpha activity in NREM sleep are needed to clarify these issues.
Besides modulation of neurotransmitters, the endocrine effects of mirtazapine, particularly on the HPA system and on melatonin, may be related to its sleep-promoting action. It is thought that a reciprocal interaction of CRH and GHRH plays a key role in sleep regulation (Ehlers and Kupfer, 1987; Steiger, 2002) . During depression, a change of the GHRH/CRH ratio in favor of CRH is hypothesized to lead to shallow sleep and REM sleep desinhibition. This is supported by the finding that CRH impairs sleep in normal controls (Holsboer et al, 1988; Vgontzas et al, 2001) . Furthermore, elevated glucocorticoid levels appear to contribute to the sleep-EEG changes in depression (Antonijevic and Steiger, 2003) . As mentioned before, CRH-1 receptor antagonism improved sleep architecture in depressed patients (Held et al, 2004) whereas qEEG remained unchanged. The latter result may be due to the small size of the investigated subgroup of the sample. Another difference between mirtazapine and the CRH-1 receptor antagonist R121919 is the lack of a decrease in REM density after mirtazapine. The increase of melatonin during the morning hours in our study fits with a similar observation in normal controls (Palazidou et al, 1989) . This effect may be explained by the alpha-adrenergic action of the substance. Furthermore, it is of interest that nocturnal melatonin levels were blunted after repetitive CRH administration in normal controls (Kellner et al, 1997) . Therefore, suppression of HPA activity may have contributed to the increase of melatonin after mirtazapine.
The effects of mirtazapine on the sleep-related secretion of cortisol, GH, and prolactin resemble those reported after acute administration of the drug to normal control subjects at daytime (Laakmann et al, 1999; Schüle et al, 2002b) . In accordance with these studies, we found a blunting of nocturnal cortisol levels throughout the night, whereas GH and prolactin secretion remained unchanged. When we analyzed GH levels during the interval with qEEG analyis, however, decreased concentrations were found for the two specimens collected after the start of the analyis. This may be explained by the fact that during night -1 the analysis started during the GH surge, whereas it started during night 29 before the onset of GH secretion. On the other hand, given the strong ties between SWS and GH (Van Cauter et al, 2004; Steiger, 2003 Frontiers) , the arousals related to alpha intrusion may contribute to this change. Similar to the decrease of nocturnal cortisol levels in the present study, salivary cortisol was blunted in depressed patients after 1 day of treatment (Laakmann et al, 2004) . As discussed by Schüle et al (2002b) , the antagonistic action of mirtazapine on alpha 2 , 5HT 2 , and H 1 receptors appears to contribute to the blunting of cortisol. In our study, ACTH secretion showed only a nonsignificant trend to decrease. This is in contrast to the finding that ACTH was blunted after mirtazapine in normal controls (Laakmann et al, 1999; Schüle et al, 2002b) . Elevated nocturnal cortisol (Linkowski et al, 1987; Steiger et al, 1989) and ACTH (Linkowski et al, 1987) levels are robust findings in acutely depressed patients and mirror HPA overactivity in affective disorders. Cortisol levels decreased after recovery in drug-free patients (Steiger et al, 1989) and after a 4-week treatment of depressed patients with trimipramine but not with imipramine (Sonntag et al, 1996) . In the latter study, the effects of trimipramine and imipramine on psychometry were equal. Obviously a 4-week drug treatment of depression does not result generally in a blunting of cortisol. This appears to be a specific effect of mirtazapine and trimipramine separately. In contrast to the blunting of mirtazapine, acute administration of various antidepressants with noradrenaline and 5-HT uptake-inhibiting properties to normal controls stimulated cortisol (reviewed by Laakmann et al, 1999) . Similarly, after 1 week administration of amitriptyline, clomipramine, and moclobemide, nocturnal cortisol levels increased in normal controls whereas they were blunted after trimipramine (Steiger et al, 1993) . Trimipramine differs in its endocrine effects from mirtazapine, as it enhanced sleep-related prolactin secretion after 4 weeks of treatment in depressed patients (Sonntag et al, 1996) .
Whereas we did not observe a clear effect of mirtazapine on nocturnal ACTH levels, the results of the DEX-CRH test showed a significant decrease of cortisol and ACTH values after CRH at day 28, whereas baseline values remained unchanged. This finding is similar to the report by Schüle et al (2003) , who compared the DEX-CRH test between baseline and 1 week treatment. From their and our findings, we conclude that mirtazapine exerts an early suppressing effect on HPA activity, which appears to persist after 4 weeks of treatment.
After 4 weeks of treatment with mirtazapine, we found opposite changes of nocturnal ghrelin and leptin levels. Ghrelin concentrations decreased whereas leptin concentrations increased. During the same interval, a slight increase in body weight occurred. Most patients had reported a loss of appetite and weight before treatment. The changes in ghrelin and leptin resemble the effects of weight gain in some, but not all other conditions. In patients with anorexia, ghrelin decreased when their weight increased (Otto et al, 2001) . Normal male controls were overfed for 84 days. Their body weight increased more distinctly than in our study, by 8.170.5 kg. Ghrelin and leptin concentrations were collected by single specimens (clock time not given) before and after overfeeding. Ghrelin decreased nonsignificantly only, whereas leptin increased (Ravussin et al, 2001) . Increases of morning leptin levels were found concomitantly with weight gain during treatment of schizophrenic patients with olanzapine (Kraus et al, 1999) and of depressed patients with mirtazapine (Kraus et al, 2002) . In contrast, leptin morning levels remained unchanged in depressed patients during treatment with amitriptyline despite weight gain (Hinze-Selch et al, 2000) . The stronger effect in our study compared to the overfeeding of controls (Ravussin et al, 2001 ) may underline that changes of ghrelin are easier to detect by nocturnal sampling than by single blood samples. Similarly, it appears possible that during the night, changes of leptin occur, which remain hidden in the morning. The decline of nocturnal ghrelin levels after mirtazapine resembles the lower ghrelin morning levels in schizophrenic patients who received stable treatment with risperidone or olanzapine (Togo et al, 2004) , whereas it differs from the increase of ghrelin morning concentrations after 6 months of olanzapine treatment in patients with schizophrenia (Murashita et al, 2005) . These contrasts show that the role of various drugs, diagnosis, duration of treatment, and time of blood sampling in changes of ghrelin needs to be disentangled. It remains unclear whether the decline in ghrelin in our sample is the mechanism or the consequence of weight gain during mirtazapine administration. Mirtazapine's antagonistic action at histamine H1 receptors (De Boer, 1995) and attenuation of HPA overactivity are compatible with counteracting loss of appetite and body weight by this drug. Comparative studies should help delineate whether mirtazapine shares its effect on ghrelin with other antidepressants.
A major limitation of our study is the small sample size. However, the previous findings mentioned suggested that mirtazapine exhibits strong effects on neuroendocrinology and sleep parameters. According to our sample size estimation, the number of cases was sufficient to detect effects at a type II error rate of 20% ( ¼ 80% power), which is confirmed by our findings. Our study corroborates that mirtazapine is able to counteract a wide range of neurobiological and psychopathological symptoms of depression, including disturbed sleep, hypercortisolism, HPA overdrive as assessed by the DEX-CRH test, low melatonin syndrome, and weight loss. These beneficial effects appear to be mediated by various actions including 5HT 2 receptor blockade and action on presynaptic adrenergic alpha 2 receptors, on the HPA system, and on ghrelin and leptin. The profile of actions appears unique and is not shared exactly by any other compound investigated so far.
